Abstract-This paper studies the surface melting in the atmosphere by YAG laser-guided micro-arc discharge. In three kinds of surface conditions (free, oiled, and polyethylene covered), we try to control the diameter and the power density of discharge pit. It is found that the power density of 3 × 10 6 W/cm 2 of discharge pit on the oiled surface is moderate to form the melted layer thicker than that of the others, adapting to strengthen the surface of material, and the power density of 1.07 × 10 7 W/cm 2 of discharge pit on the polyethylene-covered surface is highest to form the deepest discharge pit among them, adapting to remove the material.
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I. INTRODUCTION
N OWADAYS, many people study the mechanism of laser plasma guiding discharge [1] , [2] and succeed some studies of laser-guided lightning and laser-guided discharge (LGD) at long distance of atmosphere [3] , [4] . It was also reported that the LGD was applied to processing. For example, Gilgenbach et al. [5] performed the LGD boring in aluminum foil in the atmosphere by CO 2 laser, Hoshi et al. [6] , [7] studied the LGD marking and processing inside of workpiece at low air pressure by 532-nm YAG laser, and we have also succeeded the similar study in electrode gap of less than 1-mm by 1.06-μm YAG laser [8] , [9] .
It is important that the strengthening of material surface may improve the performance of frictional surface and increase the lifetime of frictional surface. In processing, the disperse processing is better than the covering processing. The disperse strengthening point not only increases the lifetime of frictional surface but also avoids the processing crack in covering strengthening. The laser-guided micro-arc discharge has the following two main merits as a kind of new method of surface strengthening: 1) the controllable position of discharge pit-by laser guiding, the position of discharge pit may be placed according to the need of frictional performance, and 2) the controllable shape of discharge pit-by laser guiding, the shape of discharge pit is like round or ellipse, so we can easily adjust the power density of discharge pit by controlling the diameter of discharge pit. This paper studied the effect of three kinds of surface conditions (free, oiled, and polyethylene covered) of electrode on the surface melting by laser-guided micro-arc discharge, including the property of discharge channel, the morphology of discharge pit, and so on.
II. PRINCIPLE AND EQUIPMENT
In Fig. 1 , the experimental schematic is shown. The YAG laser equipment was worked by single shot, with 15-mJ pulse energy, 120-ns pulsewidth, and 1.06-μm wavelength. A copper stick with pin head was the cathode. The stick was tilted enough close to the metal plasma but not to shelter from the laser. A cylinder of nodular cast iron was used for the anode, and the surface of the cylinder was strengthened in the experiment. The laser was focused on the surface of the cylinder by the lens; the diameter of focus was about 150 μm. In order to acquire the better shape of discharge pit, the impress was just applied before the laser pulse, and the position of the cathode was carefully adjusted. The initial discharge voltage was 400 V, the gap of electrode was 0.5 mm, and the triggering probability was 100%. The pulsewidths were always designed as 100 μs, and the pulse energy was all assured as 1 J by adjusting the voltage. As the continued-current diode was used in voltage supply, the current will be maintained through it to result in the appreciably different pulsewidths of different surface conditions after the impress ended. The probes of voltage and current were worked in circuit, and the waveforms were stored to the oscillograph Tektronix TDS210.
The experiment was performed in the atmosphere. The oil film was laid beforehand on the surface of the cylinder, and the polyethylene film was also pasted beforehand. The thickness of all the films was about 0.1 mm. The surface photographs of discharge pit were taken by the tridimensional microscope Olympus SXZ12, and the samples of cross section were prepared and photographed. When the samples of cross section were prepared, the three kinds of discharge pits were compactly aligned to place themselves on one sample of cross section. Accordingly, even if the sample was departed from the center line of discharge pit in the prepared process, the relative shape of cross sections of the three pits was unchangeable; the error of data was less. 
III. RESULTS AND DISCUSSION

A. Effect of Surface Condition on Micro-Arc Discharge Channel
According to the experimental schematic, the experiment of LGD was performed in three kinds of surface conditions. The diameters of discharge pits were measured, and the data are shown in Table I . It is obvious that the discharge pits are less on the oiled and polyethylene-covered surfaces than that on the free surface, and the discharge pit on the polyethylenecovered surface is least among them. The surface photographs of first group data in Table I are shown in Fig. 2 . The appearances of discharge pit are comparatively regular like an ellipse, and there is no separately small discharge pit around the main discharge pit. The voltage and current waveforms of discharge pit in Fig. 2 are shown in Fig. 3 . The waveforms of the free surface are almost the same as those of the oiled surface, and the waveform of the polyethylene-covered surface is obviously different from the others. The rise times of the current waveform in Fig. 3(a) and (b) are almost the same as 12 μs, but their decline times are quite different. The decline time in Fig. 3(a) lasts for 100 μs, but that in Fig. 3(b) is only 20 μs. The drop of decline times of the current waveform indicates that the continuous-flowing capability of micro-arc is low, so the micro-arc will rapidly die after the voltage supply is off. Now, we begin to consider the resistance of the micro-arc. The arc voltage of Fig. 3(a) is 30 V, whereas that of Fig. 3(b) is 100 V. The current of Fig. 3(a) is 300 A, whereas that of Fig. 3(b) is 120 A. As a result, the resistance of Fig. 3(a) is 0.1 Ω, and that of Fig. 3(b) increases to 0.8 Ω. It is the reason of the drop of the continuous-flowing capability of the arc, in which increasing the arc resistance will quicken the consumption of the energy stored in the circuit after the voltage supply is turned off. 
B. Effect of Surface Condition on the Morphology of Discharge Pit
The samples of cross section of discharge pit shown in Fig. 2 were prepared, and the photographs are shown in Fig. 4 . In Fig. 4 , the white part near the surface of material is the melted layer, and the big block of black ball is the unmelted graphite. The discharge pit on the polyethylene-covered surface is formed with a depth of about 70 μm, and its melted layer is thinnest among them. The discharge pit on the oiled and free surfaces were formed with the thicker melted layer than that on the polyethylene-covered surface, and the melted layer of discharge pit on the oiled surface is thicker than that on the free surface. The morphology of discharge pit on the free surface is flattest among them.
C. Cooling Usage of Surface Film in Discharge Pit
In Fig. 5 , the usage of surface film in LGD is shown. While the discharge pit expands, the film on the surface is burned off. The consumed energy of the film will cool the discharge pit to limit the increase in diameter of discharge pit. The vaporized heat of the polyethylene film is about 400 kJ/kg [10] higher than the 220 kJ/kg [11] of the oil film, so the polyethylene film needs more energy to burn off than the oil film. Because the expansion of discharge pit on the polyethylene-covered surface needs to consume the most energy among the three kinds of surface conditions, the least discharge pit is acquired, the next is on the oiled surface, the last is on the free surface. 
D. Effect of Surface Film on the Power Density and Morphology of Discharge Pit
In the experiment, we use the same energy (1 J) in three kinds of surface conditions, and the diameters of discharge pits and the pulsewidths of discharge are also measured and shown in Table I ; as a result, the mean power densities of discharge pit may be calculated and shown in Fig. 6 . It is obvious that the power density on the free surface is lowest; that on the polyethylene-covered surface is higher a grade than that on the free surface, which reaches 10 7 W/cm 2 . The power density which on the oiled surface is moderate among them is 2.4 times higher than that on the free surface. Based on the photographs of Fig. 4 , we think that the power density on the oiled surface is optimum to strengthen the surface of material, because the micro-arc sufficiently melt the surface without serious splash, and the melted layer of discharge pit is thickest. The power density of discharge pit on the polyethylene-covered surface is so high that the melted layer of material is shot off to form the deepest discharge pit.
IV. CONCLUSION
The film covered on the surface of electrode may cool the discharge pit, limit the increase of discharge pit, control the power density of discharge pit, and affect the surface morphology of discharge pit. For nodular cast iron, when the oil film is covered on the surface of electrode, the power density of discharge pit is about 3.09 × 10 6 W/cm 2 , the surface of electrode is sufficiently melted, and the splash of the melted layer is little, adapting to strengthen the surface of material. When the surface of electrode is free, the power density of discharge pit is 1.27 × 10 6 W/cm 2 , the surface just melts, and the thickness of the melted layer is less than that of the oiled surface. After the polyethylene film is pasted on the surface of electrode, the power density of discharge pit increases to 10 7 W/cm 2 , the splash of the melted layer is serious, so the discharge pit is deepest, and the remains of the melted layer is little, adapting to remove the material.
